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Abstract 
This paper describes some of the findings of a research program to develop and validate a model for predict. 
ing minimum pavement skid resistance values from measurements taken at any time dUfing the testing season. 
The model was developed by obtaining frequent skid resistance measurements during a season in several geog. 
raphical areas in the Un肘 dStates， namely Pennsylvania (1976-1980)， North Carolina and Tennessee (1979 
-1980)， Massachusetts (1978-1980)， and Florida (1979-1980). 
This model may be utilized to estimate the skid resistance at any time in the season from a measurement 
made during the same season， or to adjust skid resistance measurement made at any time during the season to 
the end.of.season level. To apply the model， the user should select the set of predictor coefficient values that 
pertains to the pavement type and geographical area of interest. The other information required is the average 
daily traffic (ADT)， texture measurements (MTD and BPM) for each site， rainfall history， ambient temperature 
history in the vicinty of the site， and the date. 
The model developed here was applied for predicting the level of skid resistance at the end of the year 
(SN64F) and for predicting the skid resistance at any day from a measurement taken on a different day. Based 
on these results， itis conlcluded that the generalized model is an effective analytical tool for estimating sea 
sonally adjusted values of skid resistance. 
1. INTRODUCTION 
It has been recognized that an important aspect of safe travel is the availability of adequate fric. 
tion between vehicle tires and wet pavement surfaces. Over the years， this friction factor， common-
ly known as pavemant skid resistance， has been measured in the field by various methods. The 
most widely used method in the United States is the measurement of the wet sliding friction be-
tween a full-scale test tire and the pavement， according to the ASTM E 274 Method of Test1). This 
method has been widely accepted because it is relatively straightfoward and has an obvious con-
nection with the problem it was designed to solve， namely， the skidding of vehicles on slippery 
roads 
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Figure 1. Skid Number (SN64) and Rainfall Data for the 1977 Test Season6) 
In several skid-resistance surveys， repeated measurements on the same pavements have revealed 
significant variations over both long and short periods of time. Efforts to determine the trends of 
these variations have pointed to a seasonal cycle where the skid resistance value (skid number) 
generally decreases in the summer through fal and is rejuvenated in the winter months. Furth-
ermore， skid numbers have been found to vary from week to week and even from day to day， par苧
ticularly where weather conditions may vary significantly (see Figure 1 ).2) -6) 
These variations in skid resistance make it impossible to determine the friction performance of a 
pavement from a single measurement. Not only it is difficult to specify minimum skid resistance 
value， much less enforce their maintenance， but it is also difficult to compare the skid resistance 
histories of different types of pavement. 
Transportation departments require the identification of friction levels on their road systems in 
order to take corrective measures where needed and to evaluate surfacing materials and practices. 
The minimum friction level for a given pavement is normally the critical level to be determined. 
but it is not possible to survey al or most pavements during the short period of time when the 
friction level is expected to be at a minimum. Thus， analytical proc巴duresare needed which pro-
vide a correction to the measured skid resistance for seasonal and short-term variations in test 
conditions. 
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The Federal Highway Adoministration (FHW A) recognized the need for analytical means of in 
terpreting skid.resistance data subjected to seasonal and short-term variations. In 1978， FHW A 
initiated a three.year research program with the Pennsylvania Transportation Institute (PTI) of 
the Pennsylvania State University to collect frequent skid.resistance measurements of pavements 
in various geographical areas of the United States and to develop predictor models to describe sea. 
sonal variations in skid resistance of pavement surfaces 
Two models for predicting seasonal variations in skid resistance have been developed in this re. 
search program. One is a mechanistic model based on hypothesized mechanisms of wear and 
polishing of the pavement texture. Development and application of this model was already 
reported.7) -8) The other is a generalized model based on a purely statistical approach.This model 
was developed by obtaining frequent skid.resistance measurements during a season in several 
耳eographicalareas. This model may be utilized to estimate the skid resistance at any time in the 
season from a measurement made during the same season， or to adjust skid.resistance measure 
ment made at any time during the season to the end-of-season level. For the purpose of these esti 
mates it is necessary only to know the length of time since the last rainfall， the 30-day temperature 
history from a nereby weather recording station， the average daily traffc， and a skid-resistance 
measurement and the date on which it was made. In this paper， the modeling approach used in the 
development of a generalized model and some applications of the model are described 
2. DATA BASE 
The four geographical data sets were used in the development of the generalized predictor model 
and the associated predictor equations. These data pertain to sites in Pennsylvania， North' Carolina 
and Tennessee， Massachusetts， and Florida. The data bases consisted of skid-resistance measure 
ments taken at various speed， pavement-related data， weather-related data recorded at weather sta-
tions located near the test sites and the average daliy traffic (ADT) count for each site. 
(1) Pennsylvania Data 
The Pennsylvania data base used for the modeling consisted of daily and monthly nonwinter 
data associated with six highway sites for each of five years (1976-1980) and data from 16 addi-
tional sites for each of two years (1979-1980). 
The daily data consisted of information collected during skid-resistance testing of the site sur-
faces and weather-related information assembled from weather records. The data derived from the 
daily skid-resistance testing included: date， various skid-test data such as SN64， SN48， SN32， SN16 
which are the skid numbers measured at 64， 48， 32 and 16km/h respectively; and also air， tire， 
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and pavement temperatures recorded at the time of the skid test. 
Texture measurements were made monthly at each site and included British Pendulum Number 
(BPN) and mean texture depth (MTD) as determined by the sand-patch technique. 
General characteristics for each site were also available: type of pavement surface; pavement 
mix design; type and source of pavement aggregate; petrographic description; and ADT count for 
the facility 
(2) North Carolina and Tennessee Data 
The North Carolina and Tennessee data base consisted of daily and occasional monthly data 
associated with 11 sites. The data span a 16-month period from July 1979 through October 1980. 
Skid-resistance measurements were conducted mainly at 64km/h. The weather data covered a two-
year period (1979 -1980) and included the same information as was rεcorded for the Pennsylva. 
ma sltes. 
Mean texture depth， BPN， and outflow meter measurements were made seven times at each site 
during the 16-month preiod. The texture depth measurements were made using the sand-patch tech 
mque 
(3) Massachusetts Data 
The Massachusetts data base consisted of intermittently collected skid-resistance data from 3 
highway sites and weather-related information assembled from weather records. These data co 
vered a three-year (1978 -1980) period. Other data available included: type of pavement aggre-
gate; ADT count for the facility; and some fragmentary sand-patch and BPN measurements 
(4) Florida Data 
The Florida data base consisted of daily and monthly data associated with six highway sites 
The skid-resistance measurements were made mainly at 64km/h during an eight-month period 
(mid-July 1979 through mid-March 1980). The weather data covered a two-year period (1979-
1980) . 
Texture measurements using the sand-patch technique were made eight times at each site. Other 
data available included: air and pavement temperatures at the time of test; pavement mix design 
code; type and source of pavement aggregate; and ADT count for the facility 
3. DEVELOPMENT OF GENERALlZED MODEし
(1) Statistical Modeling approaches 
First， an overview is given of the modeling philosophy followed and the various modeling 
approaches tried. The primary goal of the modeling effort was to produce an equation， or model， 
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that reliably predicts pavement skid resistance. The predictive worth of such a model can be ev-
aluated in a rigorous manner， but the construction of candidate models is based on analytical 
judgement 
The development of the generalized model was guided by the foltowing modeling principles: 
1 . The model should be as simple as possible in mathematical form. 
2 . Idealty， the model should be amenable to standard statistical procedures， e目 g.，multiple 
regression analysis 
3 . The model should be compatible with， or at least not incompatible with， known physical 
characteristics of the system. 
4 . The application of the model should be readily explainable to practicing engineers. 
5 . Subject to alt these“simplicity" requirements， the model should nevertheless be quantita 
tively accurate enough to be of valuε. 
The order in which data became available greatly influenced the development of the generalized 
model. The data base for the initial modelng efforts consisted essentially of daily， nonwinter data 
associated with six highway sites in the immediate area of State Coltege， Pennsylvania for each of 
three years (1976， 1977， and 1978). The data base for these (original) six Pennsylvania sites 
was later extended over the period 1979~ 1980. Also， records for 16 additional Pennsylvania sites 
for these two years became available later for analysis along with texture data for al sites. Skid 
resistance， weather， and texture data were available subsequently from several other geographcal 
areas of the United States， namely North Carolina and Tennessee (1979 ~ 1980)， Massachusetts 
(1979~ 1980)， and Florida (1979~ 1980). 
Foltowing this chronological flow of information， the statisitical modeling approach can be 
summarized as foltows: 
1 . Investigate various forms of the generalized model and develop one that best describes 
the seasonal variation in skid resistance for the six (original) Pennsylvania sites for the 
years 1976 -1978. 
2 ， Apply the best generalized model developed for .the six sites to the same sites for' the 
years 1979 -1980， as welt as to the additional 16 sites for the same time period. 
3. Investigate the inclusion in the model of new independent variables and/or the removal of 
one or more independent variables already in the model. 
4 . Select a generalized model which is“best" in its capability to predict seasonal variation 
in skid resistance for Pennsylvania and， at the same time， ismost suitable from an en. 
gineering point of view 
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5. Compute predictor equations for other areas of the United States by using the best form 
of the generalized model. 
(2) Preliminary Modeling Approach 
Various responses were analyzed in the initial modeling efforts. The most extensive effort in 
both initial and subsequent stages was spent on modeling the seasonal variations in SN64 because 
of the general interest in this variable. Thus the discussion that follows concentrates on SN64・
The first modeling approarch consisted of passing a parabola in Julian calendar time， tj.
SN64= aO+ altj+ a2tj2 (1) 
via regression analysis through each site.year of SN64 data for the six Pennsylvania sites. This 
preliminary step was taken in order to decide whether a “real" SN64 regression model was feasible， 
i. e.， whether such parabolas reflect the general seasonal variation in SN64・Theexamination of re. 
siduals from the parabolic curve fits also allowed decisions to be made about the daily variables 
as potential predictors. The examination of the parabolic residuals for autocorrelation determines， 
to a degree， the feasibility of regression analysis as a modeling technique 
Because of the relative uniformity of the percentage of replicate errors (an average replicate 
error of 3.9 percent was observed in the measurement of SN64)， logarithmic parabolas of the from 
ln SN64= aO+ al句+a2句2
were also fitted to the SN64 data. 
(2) 
The parabolic fits， especially the logarithmic from， reasonably described the long.term variation 
of SN64. The analysis also showed， generally speaking， that the quadratic term and higher-order 
polynomials often did not improve the fit of the model. Thus， itwas decided that the mathematical 
form 
ln SN64= ao+ alIj (3) 
could be used to describe the general seasonal patterns observed for each site-year. This form 
served empirically to remove the general seasonal patterns so that the importance of other factOrs 
could be examined. 
A large number of regression analyses were examined in the development of a preliminary 
generalized model. The model that best described the seasonal variations in skid resistance for the 
six original Pennsylvania sites had the following form目
In SN64 = f (RF， T， T30， T90，ら) (4) 
or 
ln SN64= co+ clRF + c2T + C3T30十 c4T90十 cstj (5) 
RF is a rainfall function which exponentially smoothes rainfall amounts retrospectively and is 
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computed in the following manner for the ith day 
RF = 1/4Mi + 1/8Mi-1 + 1/16Mi-2+ 1/32Mi-3+ ・・・・… (6) 
where M1 is the rainfall (in mm) recorded for the ith day 
This RF was subsequently replaced by a dry spell factor， DSF， in later modeling efforts. T is 
the midrange of the daily maximum and muumum ambient air temperatures， T:10 and T90 are 30-
and 90-day exponentially lagged midrange ambient temperatures respectively， and tj is a Julian 
calendar term. It was preferable to predict statistically the logarithm of SN64 rather than SN64 it-
self. Equivalently， SN64 is then predicted as a product of exponential terms (rather than as a sum 
of the linear terms). 
The preliminary generalized model (5) was subsequently applied to two additional years of data 
(1979 -1980) as they became available for the same six sites as well as for the 16 additional 
Pennsylvania sites. In this analysis， two new variables， DSF and T p' were added to six variables 
included in model (5) to investigate the efficacy including in the preliminary generalized model new 
independent variables and/or the removal of one or more independent variables already in the 
model. T p is the pavement surface temperature at the time of the skid test， and DSF is a dry spell 
factor. DSF is an exponentially increasing function dependent upon the number of days， up to 
seven， since the last significant rainfall， defined as 
DSF = 1n (tR + 1 ) (7) 
where tR is the number of days since the last rainfall of 2，5 mm or more during one day (24h) 
80th DSF and T p were included in the modeling because these factors were found to be more im 
7J -8) 
portant in the mechanistic model 
A large-scale multiple regression was performed using the data from the 22 Pennsylvania sites 
for the two-year period 1979 -1980， Regression coefficients for each combination of variable and 
their associated R2 value were calculated and compared. Here R】 ISa measur巴ofthe variability in 
ワ
the data explained or accounted for by the respective regression model. This quantity can be interゃ
preted as a measure of the efficacy of the model in explaining SN64 variations 
The results of the individual regression analyses for nine models (combination of variables)βnd 
the respective R2 values showed that the adequacy of the models varies considerably betweεn 
asphalt and concrete sites. The two types of pavement were then considered sepal'ately， and aver-
age R2 values were determined speparately for the 7 portland cement concrete (PCC) sites and for 
the 15 asphalt sites. The models applied to the concrete sites yielded an average R2 value of only 
0，179， while an average R2 value of 0，431 was obtained for the asphalt sites. This finding led to 
the conclusion that only the results obtained from the asphalt sites should be considered in the 
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selection of the “best" model. Table 1 shows the average R2 values for nine models for asphalt sites 
in decending order. The followings can be drawn from Table 1 that: 
( 1) On the average， substituting the rainfall 
function for a dry spell factor had a neg-
Iigible effect on the regression results. 
( 2 ) The improvement obtained when the T90 
terln (90-day exponentially lagged midrange 
temperature factor) is included is of litle 
importance compared with the amount of 
additional weather information necessary 
to compute this factor. 
( 3 ) The substitution of the paver配ぽ ter叩 eratureat the tir肘 ofthe test， T p'for the daily 
midrange temperature， T， resulted in lower average R2values for the 15 asphalt sites. 
Table 1. The Average R 2 Values for Nine 
Model (Asphalt， 15S巾 s)
?????????????
lnSN64~ f(RF， T， T30， T90， tj， t) 0.460 ' '' ~j 
lnSN<^~ f(RF， T， T，^ TM ， t" t) 0.457 64-.，..， '30' '90' ~j 
lnSN<^~ f(RF， T， T，^ t" t) 0.450 64 .，.， .， • 30' ~ j 
lnSN<^~ f(DSF， T， T，^ t" t) 0.445 64-"uU' "'30' ~j' ~， 
lnSN64~ f(RF， Tp' T30， T90， tj， t) 0.434 
lnSN ，^~ f(OSF， T_， T，^ TM ， t" t) 0.431 64-'， uU' 'p' '3日・ 90' ~j 
lnSN64~ f(DSF， Tp' T30， tj， t) 0.432 
lnSN<^~ f(DSF， T， t" t) 0.406 64 '， uu. "~; 
lnSN<^~ f(DSF， T_， t" t) 0.378 6. ，uu. • p' _j 
In addition to these results， two other criteria for the “best" model were considered: 
1 . Simplicity of the model， i.e.， a model with the fewest variables and therefore easiest to 
apply， but nevertheless accurate. 
2 . Comparability with the mechanistic model in terms of the variables used 
Therefore， the following model 
ln SN64= f (DSF， T， T30， tj・t)・ (8) 
involving a dry spell factor， a midrange temperature， a 30-day exponentially lagged temperature， a 
Julian calendar time， and a long-term calendar time， was chosen as the best preliminary predictive 
model to describe the seasonal variation of SN64 for the Pennsylvania stites目
At this point in the development of the generalized model， itwas juged that t， the long苧term
calendar time， was not the most appropriate choice. A more site-specific time measure seemed more 
appropriate， and therefore， pavement age measured in year， ta， was chosen to represent the long-
term time influence. The substitution of ta for t also improved the fit of the model. For the 15 Penn 
sylvania asphalt sites (1979 -1980 data)， the R2 improved from 0，075 to 0.188. For the seven 
Pennsylvania concrete sites (1978 -1980 data)， the R2 value improved from 0.036 to 0.753. In the 
remaining of the model development， tawas used exclusively to describe the long-term time mea-
sure. 
(3) Description 01 the Generalized Model 
Mathematically， the seasonal variations of SN64 can be predicted by a product of six exponential 
terms: 
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SN64 = eao ea，DSF ea，T ea3T30 ea，tj ea5t• (9) 
Alternatively， the natural logarithm of SN64 can be expressed as a linear combination of a constant 
plus five terms: 
1n SN64= aO+ a1DSF + a2T十 a3T 30+ a4tj + a5ta (10) 
where a's are model coefficients; DSF， T， and T30 are weather-related variables; tj is a Julian calen-
dar time; and ta is. the pavement age. DSF is a spell factor defined in equation (7)， where tR isthe 
number of days sincp. the last rainfall of 2 _ 5mm or more with an upper limit of seven days_ Hence， 
O 孟 tR三五 7and 0 DSF孟2.075.
The second term after the constant in (10) contains a measure of the ambient air temperature， T_ 
It is the midrange of the daily maximum (T u) and minimum (T d ambient air temperatures; 
T = (Tu + Td/2 
The third term contains a 30-day exponentially lagged temperature function. At any given day i， 
T30 is calculated iteratively as follows: 
T30i =αTi+α(1-a)Tiー1+α(1-a )2Ti'2 + 
???
where Ti isthe midrange temperature at day i and the constant αequals 1/30. The term “lagged" 
temperature reflects the fact that the term T30 represents a historical temperature function with a 
turning point that lags approximately 30 days behind the current temperature. Theoretically， the 
smoothing equation (l) extends infinitely backwards in time， although in practice the numerical im-
pact diminishes to a negligible magnitude in a finite number of terms_ 
The third and fourth exponential terms， tjand ta， are time trems that represent the short苧term
and long-term decays in skid resistance. The short-term calendar time， tj， isthe Julian calendar 
time and is expressed in days. The long-term calendar time， ta， has been set equal to the pavement 
age of each site and is expressed in years_ 
The numerical values for the a's are determined by stepwise multiple regression analysis. Equa-
tions (9) and (10) apply to a given site for several years， though different model parameter values are 
necessary to characterize different sites. When the model is applied to a site for a single year， the 
long-term function of time， ta， isomitted since it would be a constant for that year. 
(4) Summary of Model Results by Site for Pennsylvania 
The generalized model expressed by equations (9) and (10) was developed for the six (original) 
Pennsylvania sites (1976 -1978 data). It was then applied to 16 additional Pennsylvania sites (1979 
-1980 data)_ The adequacy of the model for each site-year combination was judged by the corres-
ponding R2 value. The goodness of fit of the predictive model varied from site to site for a given 
year and year to year for a given site. The predictive model was less powerful for the concrete 
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site than for the other five original sites (asphalt) for al five year. The R2 values of the model 
averaged over the years 1976 to 1980 for six original sites are shown in Table 2 
The model produced very poor results when applied indi. Table2. The R2 Valucs of the Model 
Averaged Over the Years 1976-
vidua¥ly to the 1979 and 1980 data associated with concrete 1980 f~r Six Original Sites 
2 site. The extremely low R" values obtained for these two 
years contributed to the low average RZ value for site 18. 
Also， the contribution of the model to explaining the varia 
Site Type 
Tー ←ー一一一
k 
16 
tion observed in 1nSN64 for these two years is not statisti. 
?
→
??
???
Aspha lt 
Aspha 1 t 
Aspha 1t 
Aspha 1 t 
Aspha 1t 
Concrete 
0.539 
0.673 
0.640 
0.707 
0.514 
O.↑79 
cally significant. Such inadequacy of the model was not 
found for any of the site.year combinations of the five original asphalt sites. 
Another inconsistency was found when the model was applied to the additional 16 Pennsylvania 
sites. The R2 values of the model averaged over the ten asphalt sites more than doubled from 1979 
to 1980， whereas the R2 values averaged over the six concrete sites decreased by a small amount 
from 1979 to 1980. For the ten asphalt sites，良2= 0.224 in 1979 and 0.558 in 1980. For the six 
concrete sites， RZ = 0.357 in 1979 and 0.299 in 1980. In general， the model produced poorer rε-
sults for the 16 additional sites when applied to the 1979 data than when applied to the 1980 data 
This lack of fit was more evident for the asphalt sites than for concret巴sltes
The following conclusions were drawn from these results: 
( 1) the model cannot be applied uniformly to combinations of asphalt and concr巴tesltes; 
( 2) the model does not account for site.to.site and year.to.year variations; and 
( 3 ) the model needs to be applied to combined sites and years for a specific geographical 
area in order to reduce the number of sets of models required for a given area 
(5) Need for Introducing Additional Site幽SpecificTerms in the Model 
1n general， the model coefficients developed for a given site in a specific area of the United 
States would be applicable only to sites with similar weather and site characteristics. Thus， to 
minimize the number of sets of model coefficients needed 10 describe sites within an area， itis 
necessary to pool data from many sites in an area. On the other hand， combining the data for al 
sites in an area and ignoring the“site eftect" would result in a considerable loss of predictive pow 
er of the composite model. Therefore， model parameters that distinguish between pavements in the 
same environm巴nt，and classification by pavement type must be incorporated into the modeling 
Thus， the following model was investigated: 
ln SN64ニ ao十 alDSF十 azT十川T:m十 a1tj十むし+a6ADT + a7MTD + asBPN' (12) 
or， alternatively， 
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SN64 = ea" ea，DSF ea，T ea:;'l加 ea'lljea;)ta eaoADT eaiMTD eaxlPN (13) 
where the variables DSF， T， T3o，句， ta， are as defined in (10)， and ADT = average daily traffic in 
the lane tested， MTD = macrotexture term (sand苧patchtexture depth)， and BPNニ mlcrotexture
term. Each site was classified as either concrete (C) or asphalt (A). A further subdivision of the 
asphalt pavement group into dense.graded and open.graded bituminous pavements was not carried 
out， because of the small size of the subgroups. 
(6) Model Results by Geographical Area 
The specific predictive equations for the generalized model in (13) were determined from the data 
for the 22 sites in Pennsylvania， the 6 sites in Florida， the 3 sites in Massachusetts， and the 11 sites 
in North Carolina and Tennessee. Both pavement types， asphalt and concrete， were considered 
separately and together， i.e.， the generalized model was applied to the total data set. Within each of 
three groups， three models were used to calculated the coefficient values and R2 values: the model 
without the BPN factor; the model without MTD factor; and the model with both factors. 
The values of the model coefficients were accepted only if the contribution of the corresponding 
factor in explaining the variation observed in 1nSN64 is significant at the 90 percent confidence 
level 
The model results for Pennsylvania sites showed that the model without the BPN factor gives 
rather poor R2 value for the asphalt sites (R2 =0.56) and for al sites together (R2 =0.47); where. 
as for the concrete sites， the model yields a satisfactory R2 value of 0.76. lncluding BPN in the 
model (without MTD) improved the fit of the model by such as 54 percent for the asphalt sites (R2 
= 0，86) and by 77 percent for al sites together (R2 = 0.83). For the concrete sites， R2 value im. 
proved only from 0.76 to 0.80. lncluding both factors， MTD and BPN， in the model brought litle 
or no improvement over the model with BPN only. 
The standard error， Se， of the dependent variable 1nSN64 shows the same behavior for the diffe. 
rent models. lncluding BPN in the model but not MTD decreased the error by a considerable 
amount， while the inclusion of both BPN and MTD showed litle or no reduction over the error 
obtained from the model with BPN only 
The best predictor models for explaining seasonal variations in the skid resistance of Pennsyl. 
vania sites are those that have incorporated ADT， BPN， and pavement type. The best predictor 
model for asphalt sites is the one determined for the 15 sites (1司945observations) for the 1979 
1980 period as follows 
SN64 = eal ea，ls!， e"l、川ea1tjea;)ta♂".I¥DT e"'UI'l'i (14a) 
where ao=2.933 aj = -0.0397 a，ニ 0.00033 a4=ー 0.00034
11 
Kazuo SAITO・lohn1. HENRY . Robert R. BLACKslJRN 
a5= -0.0143 a6= -0.000034 a8ニ 0.0196
and R2=0.86 
The best predictor model for concrete sites is the one determined for the 7 concrete sites (926 
observations) for the 1979-1980 period as follows: 
SN64ニ eaoea，DSF ea，T ea3T却 ea5t，ea6ADT ea8sPN 
where aoニ 2.747 a1=-0.0222 a2= -0.0015 a3=0.001l 
a5= -0.0159 a6= -0.000008 a8=0. 018 
and R2=0.80 
Table 3. Model Coefficients for Various Geographical Areas 
G田ghra日昌同1lcai PaTv申YI同mot '0 " " 'J " a う " " " p2 
Pensyl河01 As同1I t 2.93 -0.0:597 0. 0ー.003-0.0034 -0.0143 -0，0034 0.0196 0.86 
Concr唖te2.747 -0.022 -0.015 0.01 0. 世0.015'1 -0.000日 0.1 B 0.80 
Flor Ida "凶aけ 4.106 -0.0125 -0，007 0.017 -0.0035 -0.0670 -0.0012 -0.058 0.79 
Concreta --------ー---崎ーー 喧ー咽司t-bData Avalable ---------
MaSiKhusets As凶，It ーーーー ーー -----Generd ↓I zed "bdel In時計19at回吋5IndeQudte -一一一ー一一今一一ー一一
α:Jrlcrete --ーーーーー ー-----ーーー- "b Date. Avalable ----------- ョー ャ
出什tlCaroln2l/ As凶alt 3.065 -0.097 0. 0. -0.00 -0.0151 0.0031 0.0138 0.91 
γenese 
wr'lcre同 1.726 -0.028 0. -0.028 ・0.0018 0. 0. 0. 0.69 
IThasa r;. vi'Jluas raflact tha g.xJdnes of千!t0 f the町deltor the 9朗9'^凶ICi'J1dr伺 stor .hlch tha ordal has ban deva!o閃d
dn dre 0内Iydn ¥ndlc肘orof 1'0"同 1 十heI!Ddel mlg附岡山 lnfuture apl !catJons. 
IA b I dnk1 nd!cdtes十hltterm WIlS exc1岨edtro1T十同問dal.
(l4b) 
Values for the predictive parameters of the model were computed for other three geographical 
areas in the same manner for the Pennsylvania sites. The best predictor models and associated 
coefficients for the various geographical areas are summarized in Table 3. Some of the coeffi 
cients in the tabulation were set equal zero. These zero values denote that the contributions of the 
associated factors toward explaining the variations observed in 1nSN64 is not significant at the 90 
percent confidence limit 
4. APPLlCATION OF THE GENERALlZED MODEL 
To apply the generalized model， the user should select the set of predictor coefficiεnt values 
from Table 3 that pertains to the pavement type and geographical area of interest. The other in 
formation required is the average daily traffic (ADT)， rainfall history， ambient temperature history 
in the vicinity of the site， and the date. When a prediction of SN64 on a particular day is required， 
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texture measurements (MTD and BPN) are needed. but when a year-end level or a prediction on 
day k based on a measurement on day j is desired. texture data are not needed. as shown below. 
The generalized model with an appropriate set of predictor coefficients can be used in several 
ways to furnish quantities of interest to the user 
(1) Prediction of SN64 on a Particular Day 
As an example. consider the following data for Pennsylvania site 19 on June 11， 1980 (tj = 163): 
DSF =0.693 
T =48 (OF) 
T30 =40 (F) 
ta = 19 (years) 
ADT =7000.(vehicles per day) 
MTD =0.51 (mm) 
PBN =54 
The generalized model predicts. for June 11， 1980: 
SN64ニ e2.933eO.0397 (.693) eU(48) e -0.00033(40) e -0.00034 (163) e -0.0143 (19) e -0.000034 (700) eOl.51) eO.0196 (54) 
=29.5 
The skid number actually measured on June 11， 1980 was 30..2. 
(2) Prediction of Year-Endしevelof Skid Resistance， SN64F 
The generalized model can be used to adjust. for seasonal variations. the skid-resistance 
measurement taken at any time of the year. A method to predict the level of skid resistance at the 
end of the year (SN64F) from a measurement taken at any time (day j) during the season (SN64j) had 
been developed for the Pennsylvania sites from the generalized model. 
The generalized model recommended for the Pennsylvania sites contains only the annual average 
BPN as a site-specific variable and is expressed in the form: 
SN 64j = eao ea1 DSF ea， Tea3 T却 ea4ljea5t， ea6ADT ea8BPN (15) 
where SN64j= skid resistance measured on day j. 
For the application of the generalized model to the Pennsylvania sites. the BPN term in equation 
(15) was replaced by another site-specific variable. SN64F (the observed final skid-resistance level). 
to yield the following form of the generalized model: 
SN 64j = eao ea1 DSF ea2 T ea3 T却 ea.j，teasta ea6ADT ea9SN641 (16) 
The values of the coefficients in equation (16) have been determined from the observed data， so 
that the adjusted skid number can be predicted mathematically by a linear relationship produced 
by taking the natural logarithm of SN64j in equation (16) and rearranging: 
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In this analysis， the 1979 and 1980 
data values of SN64F (listed in Table 
4 )， which were calculated from the 
terminal values of SNOF and PNG by 
equation (18) shown in the previous 
paper8) ， were used with the weath-
Table 4. SN64F Values Calculated from SN OF in the Mecha-
nistic Model for 1979 and 1980(Pennsylvania Sites) 
er-related data 
SN61F = SNOF eO.6PNG (18) 
where SNOF = the level of SNo after 
the pavement is fully polished. SNOF 
is independent of both seasonal and 
short-term variations. SNo skid 
numder-speed intercept and is re 
lated to microtexture. PNG per-
cent normalized耳radientand related 
to macrotexture. 
The coefficients that resulted are 
shown in Table 5 for each pavement 
Site No. Type of Pav仔ment*
DG 
ρC 
PC 
DG 
PCじ
PC 
DG 
10 PC仁
11 DG 
12 DG 
13 OG 
14 PC 
15 OG 
16 DG 
17 DG 
lf PC 
19 日G
10 DG 
1 日G
21 OG 
24 DG 
15 日G
SN64F 
1979 1980 
11.3 16.1 
31.9 24.0 
49.7 42.4 
2.7 27.9 
48.8 45.8 
19.3 19.1 
36.7 41.8 
51.3 47.6 
11.1 26.7 
34.3 31.3 
57.7 5.8 
42.5 35.7 
53.9 5.0 
10.4 19.5 
27.5 26.1 
40.8 48.0 
16.4 16.3 
32.5 34.1 
17.3 16.1 
54.1 46.0 
18.5 13.4 
41.9 45.1 
type. 
"'DG dense-qraded asphalt; OG open-graded aspha1t; PC portland cement 
COl¥crete 
For this application， the adjusted 
level of skid resistance (SN61ド)was predicted for asphalt pavem巴ntsfrom each observation during 
the 1980 test season. As an example， consider again Pennsylvania site 19. From the observed 
value of skid resistance on June 11， 1980， the model predicts the year-end level using equation (J7) 
Table 5. Values of Model Coefficients for Each Pavement Type (Pennsylvania Sites， 1979 
and 1980) 
a司 '1 '1 '3 '4 '5 '6 '9 R' 
P avement Type (DSF) (T) (T 30) (t j) (t a) (叩T) (SN64F) 
一一一一一一一一一一一一一一一一
Asph，lt 3.14 -0.0371 。 -0.018 -0.0047 -0.041 。 0.014 0.85 
Concret巴 4.164 -0.0195 -0.019 0.013 。 -0.040 0.0 -0.02日 0.73 
Al Sites 3.186 -0.0186 -0.015 0.0063 0.0056 -0.045 0.0020 0.0104 0.75 
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with the data from the example in previous section (2) and with SNo4jニ 30.2as follows: 
SN641'= 13.124-0.0371 (.693)十0(48)+ 0.0028 (40) -0.00047 (163) 
-0.0244 
-0.0041 (19) +0 (7000) -1 n (30.2) I =23.6 
The value of the year.end level observed for site 19 in 1980 was 26. 3 . 
Table 6. Comparison of Measured SN64， Adjusted SN64F， and Observed SN 64F for 
Asphalt Pavement Surfaces (Pennsylvania Site.s， 1980) 
Measured SN64 Adjusted 5N64F 。bserved世
5N 
S iteNo 問ean 5.0. Max. 附in. 刊ax.-Min. Mean 5.口 問ax 川in. 問ax.ー阿in. 64F 
l 31.05 4.31 46.20 25目80 20.40 24.71 3.79 35.4 17.94 17.50 26.07 
4 3.54 3.82 42.60 26.80 15.80 27.623.4836.7820.0016.78 27.91 
8 3.03 5.1 50.0 27.0 23口D 26.82 4.39 38.34 18.8 19.46 29.12 
9 43.23 3.76 53.40 35.80 17.60 38.13 2.97 4.95 30.57 14.3日 41. 80 
1 30.30 3.62 42.60 24.60 18.0 25.05 3.74 34.86 17.79 17.07 26.70 
12 43.18 3.5 51.0 35.0 16.0 38.4 2.49 43.27 31.08 12.19 31.31 
13 65.7 2.95 73日 60.20 12.80 5.25 1.9 60.30 51.58 8.72 5.80 
15 68.70 2.97 76.0 62.80 13.20 57.01 2.34 63.25 53.10 10.15 5.03 
16 2.32 2.61 32.60 18.70 13.90 12.05 3.42 21.82 5.38 16.4 19.51 
17 36.41 5.50 47.20 26.0 21.20 30.24 4.73 37.83 20.05 17.78 26.07 
19 29.75 2.60 36.80 25.60 1.20 23.72 2.42 30.21 19.67 10.54 26.2日
10 36.75 2.91 46.0 31.50 14.50 32.28 2.40 38.56 27.21 1.35 34. I 
21 35.34 3.37 43.80 31.20 12.6日 29.28 2.40 3.50 26.01 7.49 26.12 
2 59.13 3.02 67.日 52.50 14.50 50.57 1.6 53.98 46.86 7.12 45.98 
24 28.62 3.46 40.80 24.40 16.40 2.63 3.47 31.52 17.6 13.86 23.36 
25 54.40 目1664.4049.60 14.80 47.28 1.82 51.70 43.65 8.05 45.06 
育ObservedSN64F was det巴rm;ned from observed SNOF and PNG by us i ng equat i on (21) 
The results of applying the model in this way was shown in Table 6， where the mean. standard 
deviation. and range of the obsεrved SN64 and the mean. standard deviation， and the range of pre. 
dicted final skid.resistance level (SN64F) can be compared. In most cases. both the range of the 
observed data and the standard deviations were reduced by the application of the model. The aver 
age standard deviation for the observed SN64 data is 3.55， which is reduced to a standard devia← 
tion of the adjusted SN64F of 2.95. 
In Figure 2， good agreement is shown b巴tweenthe observed SN64F and the average of the daily 
predicted values of S!'!64F・ Whenapplied to the portland cement concrete sites. however. the 
model was not successful. The reason for this may be the different behavior noted in the skid 
resistance histories for the PCC sites as well as the relatively small number of PCC sites (5) 
compared with the number of asphalt sites (16). 
Furthermore. it has been shown that there is very good agreement between SN64F estimated 
by the generalized model and SN64F estimated by the mechanistic model which was already 
presented in the privious paper. as shown in Figure 3 . 
15 
70 
60 
L 
250 
0 
lIJ 
注40
lIJ 
(f) ∞ 。
30 
Kazuo SAITO・lohn1. HENRY . Rohert R. BLACKBURN 
20 30 40 50 60 70 
MEAN ADJUSTED SN64F 
Figure 2. Comparison of Observed SN64F and Adjusted 
SN64F Obtained by Using the Generalized Model 
for Asphalt Pavement Surfaces 
(Pennsylvania Sites， 1980) 
(3) Estimation of Skid Resistance at Any Time from Measurement on Another Day 
A third application of the generalized mod巴1is to estimate the skid number at any time from a 
measurement on another day using the model developed in the previous section (2). For asphalt 
pavement surfaces， the skid number on day j (SN64j) can be predicted in the form: 
SN64j = eao ea1DSF， ea3T3oj ea，t， ea5ADT ea9SN64F (19a) 
The skid number on another day (k) can be predicted in the form: 
SN64k= eao ea1DSFk ea3T川 ea4tkea5ADT eagSN帥 (19b) 
where the regression coefficients are given in Table 5， and noting that the value of a2 is zero for 
this application. The ratio of SN64k to SN64j is then formed: 
SN 
0 l'46主主ニぷ1(DSFk-DSF，)ぷ3{T30kーT:lO，)ea，(tk -t，) 
SN64j 
(20) 
Thus the relationship to estimate the level of skid resistance at day k from a measurement taken at 
day j isformed 
SN64k = SN64j leaJ (DSFk-DSF，) ea3 (T初k-t抑)ea4(tk-t')1 (21) 
As an example of the app'lication， the skid resistance on April 17， 1980 (tk = 108) can be esti-
mated from the June 11， 1980 (tj = 163) data. 1n addition to the data for June 11， as given in the 
16 
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example in previous section (1) and 
the following data for April 17 
Inserting these data and the data 
must be obtaind from weather re-
=l.099 
=32 
=27.9 
DSFk 
Tk 
T30k 
cords: 
(2)， 
listed in section (1) for day j， the 
following the model (21) provides 
estimate for skid resistance on April 
le -0.0371 (] .099 -.693) 
17 : 
SN64k = 30.2 
Figure 3. Comparison of Adjusted SN 64F Obtained by the 
Generalized Model and Adjusted SN 64F Obtained 
by the Mechanistic Model for Asphelt Pavement 
Surfaces (Pennsylvania Sites， 1980) 
=31.6 
eOI32-48) 
e -0.0028127.93-40.06) 
e -0.0脳 7(108--163) I 
The skid number measured on April 
Table 7. Prediction of Skid Resistance (SN) on Day k from the Measurement Taken 
at Day j by Use of the Generalized Model (Pennsylvania Sites， 1980) 
Site 16 
Measured Predicted Dif 
Si te 1 Site 4 Date 
Oay j Oay k Oif 
????? ? ? ? ???????
???????
????
Predicted 
?
??
? ??
何easured
5/02/80 
5/05/80 
5/07/80 
5/08/80 
5/15180 
27.6 
32.6 
31.6 
30.8 
32.8 
I~easured Predicted Dif 
2.4 
5.9 
1.7 
1.1 
3.1 
34.6 
33.3 
33.3 
34.5 
34.9 
32.0 
37.0 
39.2 
35.0 
35.6 
38.0 
8/18/80 
ー 20.4 ザー
ー 25.2 23.2 2.0 
33.1 -0.6 11.7 11.4 0.3 
3.1 -1.5 11.0 11.4 -0.4 
34.3 -3.5 11.4 13.1 -1.8 
34.7 -1.94.03.5 0.5 
30.1 
32.6 
31.6 
30.8 
31.8 
0.3 
3.8 
-0.3 
・1.0
1.0 
36.7 
35.4 
35.3 
36.6 
37.0 
31.1 
37.0 
39.1 
35.0 
35.6 
38.0 
5/01/80 
5/05/80 
5/07/80 
5/08/80 
5115180 
日111/80
16.4 
31.6 
31.6 
30.8 
31.8 
0ー.9
1.6 
-1.5 
1.1 
-0.3 
??????33.4 
37.0 
3ヲ2
35.0 
35.6 
38.0 
8/251日3
5/02/80 
5/05/80 
5/07/80 
5/08/80 
5/15180 
17 was 33.8. 
The results of applying equation包1)in this way to some of the Pennsylvania sites are shown in 
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Table 7. In this case， three days (j) in August were used， and the skid resistance for five days (k) 
in May was estimated for asphalt pavement surfaces. The results show good agreement between 
measured SN64 and predicted SN64 for each site. Therefore， itcan be concluded that the generalized 
model can be used to estimate the skid resistance at any day in the past from a measurement made 
at a later date. ln this form the model can be used in the investigation of accidents. The model 
similarly could be used to predict skid resistance at a future date given an assumption about 
weather conditions (T30 and DSF) for that date. 
5. CONCLUSIONS 
The following conclusions were drawn from the analysis of the generalized model: 
(1) An effective and relatively simple generalized model for estimating SN64 of a site has been 
constructed. The use of the model requires a sel of coefficients and knowledge of the age of the 
pavement; the average daily traffic count for the site; an annual estimate of the BPN value or the 
mean texture depth for the site as determined by the sand-patch technique; the rainfall and 
ambient air temperature histories in the vicinity of the site; and the date 
(2) The goodness of fit of the model for a regional set of highway sites was improved by adding 
ADT and a measure of surface texture (as determining by BPN and sand.patch mean texture 
depth) as factors to the model and by determining the predictor parameters separately for asphalt 
and concrete pavements. The improvement was greater when BPN was added than when mean tex-
ture depth was included. 
(3) Highly satisfactory predictive coefficients for the model were developed separately for 
asphalt and concrete sites in Pennsylvania and in the North Carolina/Tennessee area and for 
asphalt sites in Florida. Less than satisfactory predictive coefficients were developed for asphalt 
sites in Massachusetts. The goodness of fit of the model as measured by the R2 velues for the high. 
way sites in the three areas， excluding Massachusetts， ranged from a low of 0_69 to a high of 
0.91. 
(4) Relatively large differences between geographical areas can be se巴nin the model coeffi-
cients. 
(5) Since it is a multiple regression equation， the generalized model can be used directiy to 
establish future SN64 values or future SN64 mean values for a given site. 
(6) The equation to predict the level of skid resistance at the end of the year (SN64F) from a 
measurement taken at any time during the season (SN64) have been developed for the Pennsylvania 
sites. In the generalized model， the巴quationtakes the form: 
18 
Development and Application 01 Predictor Model lor Seasonal Variations in Skid Resistance ( n ) -Generalized Model 
SN64F=二十(九十 aPSF+九T十九T30+引tj+acta +丸山一凶N64)。9
where the model coefficients for the Pennsylvania sites are those given in Table 5 . 
(7) The results of the application of this model to the 1980 data for Pennsylvania sites have 
been shown in Table 6. Based on these results. it is concluded that the generalized model is effec-
tive predictor model for estimating seasonally adjusted values of SN64・ Furthermore，it has been 
shown that there is very good agreement between SN64F estimated by the generalized model and 
SN64F estimated by the mechanistic model， as shown in Figure 3 . 
(81 Further application of the generalized model has bぽ nmade to predict the skid resistance at 
any day from a measurement taken on a different day. The relationship to predict the level of skid 
resistance at day k from a measurement taken at any day j has been developed from the general-
ized model for Pennsylvania asphalt sites in the from: 
SN64k= SN64j !eaj(DSFk-DSFJ) ea3(T川 T叫)ea，(tk-t)1 
where the model coefficients are those given in Table 5 . 
(9) The results of the application of this equation to the 1980 data from some Pennsylvania 
asphalt pavement sites was shown in Table 7. The average differences between measured and 
predicted SN64k for al Pennsylvania asphalt pavement sites are given in Table 8. It can be seen 
that the mechanistic model produces better predictions. less variation， than those produced by the 
generalized model. 
(10) All the predictions consi 
Table 8. Average Differences Between Measured and Predicted 
SN 64 k for All Pennsylvania Asphalt Pavement Sites 
dered above must be compared with 
the possible variations in SN64 Day j 
measurements resulting from 8/18/80 
measurement errors and other 
sources error. Meyer. Hegmon. and 
9) 
GillespieOJ have reported number of 
日/21/80
8/25/80 
Generalized Model 
Average Std. Dev. 
2 _3 2 _89
問。 7 3 _52
1.4 2.9 
内echa円;st ic 阿odel
Number of 
Averag巴 Std.Dev. Observat; ons 
1.1 2.56 61 
0ー.4 2 _ 51 62 
0.2 2.09 47 
factors responsible for errors in locked-wheel skid-resistance tests and have calculated the aver-
age error band associated with each type oferror. Th巴sefactors include: 
Speed holding 
Pavement variability， lateral 
Pavement variability， longitudinal 
Dynamic wheel-load change 
:I 1.5 SN 
:I 4 SN 
土 2 SN 
:I 1 SN 
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Data evaluation by operator 士 3 SN 
Compared with these errors， the differences betw巴enmeasured and estimated SN64， as shown in 
Table 8 ， and the predicted SN64F， as shown in Tables 6 and 7 ， are less than the expected varia 
tions in SN64 measurements resulting from measurement errors and other sources of error. 
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APPENDIX 
Measurement Required For Seasonal Adjustment 01 Skid Resistance 
The two models developed in this research require similar inputs to describe weather and long-term con 
ditions. The mechanistic model also requires aggregate properties which are not yet well identified 
Four types of inputs are required， assuming that a measurement of skid resistance has been made on a par 
ticular day 
1， Observations made at the time and location of the skid-resistance measurement. 
2. Data available from weather records at an NOAA weather reporting station， ideally located on more 
than 5 to 10 miles from the location of the pavement site 
3. Pavement history including age of wearing course， ADT， and pavement type 
4. Aggregate properties and texture measurements 
In the conduct of research. measurement were made which were not used in the final predictor models， 
either because the models were not sensitive to these measurements or because the measurements were 
themselves highly correlated with other measurements used in the models， 
The measurements used in the mechanistic model are given in Table A-1 . and those used in the general 
ized model are given in Table A-2. All the measurements performed in the course of the research， many 
of which were not used in the model. are listed in Table A-3 . 
The mechanistic and generalized models require similar types of data; however， the mechanisitic model 
requires BPN measurements taken before and after polishing with the Penn State Reciplocating Pavement 
Polisher or a similar device. The machanistic model also requires skid resistance-speed data in order to 
calculate the percent normalized gradient. The generalized model uses texture data (MTD and/or BPN) 
rather than observations of skid resistance as inputs; however. equations 1日and(20)， developed to apply the 
Table Aー MeasurementsRequired by the Generalized Model 
Observations made at time of test (on Julian calendar day， t)
1. Skid-resistance measurements (ASTM E 274): SN64 
2. Weather station d呂ta
A. Maximum and minimum temperature for a period of 30 days prior to date of test and on date of 
test. (To calculate T and T30 using equation (11) 
B. Rainfall: Total precipitation per day for at least 7 days prior to the date of test. (1'0 calculate 
dry spell factor， DSF， by equation (7) 
3. Pavement data 
A. A verage daily traffic in lane tested (ADT) 
B. Pavcment surface age in years since last resurfacting (ta) 
C. Pavement type --PCC， dense graded， open graded 
4. Texture data (optional)' 
A. Sand-patch mean texture depth (MTD) 
B. British pendululTl number (BPN) 
本Theseneed not be measured to apply the predictor model if the model is being used to predict SN6.W or 
to prεdict the skid resistance on a day other than on which the measurement was made 
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gen巳ralizedmodel， are based on skid-resistance measurements rather than texture data. The resulting 
generalized models thus utilize readily available data 
Table A-2 Measurements Required by the Mechanistic Model 
1. Observations made at time of test (on J ulian Calendar day， t)
A. Skid resistance measurements (ASTM E 274) 
1. SNG4 
2. SN48， SN別 (orpercent normalized gradient， PNG) 
B. Pavement temperature.Tp 
2. Weather station data 
A. Rainfall: Total precipitation per day for at least 7 day prior to date of test. (To calculate dry spell 
factor， DSF， by equation (7)) 
3. Pavement data 
A. A verage daily traffic in lane tested (ADT) 
B. Pavement type - PCC， dense graded， open graded 
4. Aggregate and texture data 
A. British Pendulum Number (BPN)(ASTM E 303) 
B. BPN2000: BPN after 2000 cycles of polishing 
Table A-3 Measurements Made During the Course 01 the Research 
1. Frequent tests on pavements 
A. Skid -resist呂ncemeasurements (ASTM E 274) 
1， SN64 
2. SN18， SNso (or SNQ， PNG) 
3. SN~8 ， SN~o (or SN~) ， PNGB) - bra此 tlretests 
B‘ Temperature obsevations 
1. Pavement temperature (Tρ) 
2. Air temperature (T a) 
3. Water temperature (T w) 
4. Tire temprerature (Tt) 
2. Wωther station data 
A. Maximum and minimum daily temperature (NOAA Station) 
B. Temperature at 8 : 00a.m. standard time (NOAA Station) 
C. Relative humidity (NOAA Station) 
D. Cloud cover (NOAA Station) 
E. Wind direction and speed (NOAA Station) 
F. Precipitation (total per day) (NOAA Station) 
G. Rainfall rate during test season (tilting bucket at local site) 
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3. Pavement data 
A. Pavement type 
B. Aggregate source 
C. Mix design 
D. Construction date 
E. Average daily traffic (includlng traffic classificatio日)
4. Texture measurements (monthly) 
A. BPN (ASTM E 303) 
B. Sand-patch mean texture depth (ACPA Method) 
C. Microtexture profiles 
D. Macrotexture profiles 
E. Stereo photographs (ASTM E 559) 
F. BPN after polishing with the reciprocating pavement polisher 
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